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Introduction
Diabetes is the leading cause of chronic kidney disease and end-stage renal disease (ESRD) in the United States [1] . Reducing the burden of diabetic kidney disease requires early identification and treatment of persons with diabetes at increased risk for diabetic nephropathy (DN). Elevated urinary albumin excretion is considered the best marker of early progressive DN, but loss of renal function may precede the rise in albumin excretion [2] and elevated albumin excretion may only appear after significant structural damage has already occurred [3] . Given these uncertainties, other markers may improve risk prediction in individuals with diabetes.
Structural changes within the kidney precede and predict clinical DN [3, 4] so biomarkers that predict these structural changes may be of great clinical value. We previously reported that elevated urinary concentration of monocyte chemoattractant protein-1, a marker of inflammation that predicts renal function decline and progression to ESRD in persons with diabetes [5] , was associated with interstitial changes over 5 years in the kidneys of predominantly white women with type 1 diabetes (T1D) and no clinical evidence of DN [6] . We also found that elevated serum concentrations of tumor necrosis factor receptors 1 and 2, which are strong independent predictors of renal function decline leading to ESRD in persons with diabetes [7, 8] , are associated with early mesangial expansion and loss of glomerular capillary endothelial cell fenestrations in Pima Indians with type 2 diabetes [9] . Together, these studies support further discovery efforts to identify potential biomarkers of early structural damage in DN.
Bradykinin is believed to play an important role in protecting the kidney from damage caused by diabetes, but paradoxically it may also play a role in the development of DN. Increased concentrations of bradykinin precursors are associated with progressive renal dysfunction in persons with T1D [10] but the nature and timing of bradykinin's renoprotective versus destructive roles are uncertain. The bradykinin 2 receptor (B2R) mediates most of the physiological actions of bradykinin, which are generally considered renoprotective [11, 12] . On the other hand, increased activation in diabetes of the bradykinin 1 receptor (B1R), is mainly associated with increased inflammation and worsening of kidney disease [12, 13] . The bradykinin family of peptides may therefore be useful biomarkers for DN, perhaps initially through salutary adaptive responses to early DN, primarily mediated by B2R, and later through pathological responses to inflammation and fibrosis in more advanced disease, predominantly mediated by B1R.
Bradykinin has a half-life in the circulation of under 30 seconds [14] , and is quickly metabolized to a number of related peptides which differ in their affinities for B1R and B2R. For example, bradykinin binds primarily to B2R, whereas its metabolite bradykinin (1-8) has stronger affinity for B1R than B2R, and bradykinin (1-7) and bradykinin (1) (2) (3) (4) (5) are inactive forms that do not activate either receptor. The bradykinin family of peptides also includes forms where the third proline is hydroxylated, and these hydroxylated forms have very similar activity profiles to their non-hydroxylated forms [15] . Angiotensin converting enzyme (ACE) is a key enzyme in the metabolism of bradykinin to inactive forms such as bradykinin (1) (2) (3) (4) (5) (6) (7) and bradykinin (1) (2) (3) (4) (5) , and both the ACE inhibitors and angiotensin receptor blockers (ARBs) are associated with increased bradykinin concentrations [16, 17] .
The Renin-Angiotensin System Study (RASS) was a multicenter double blinded placebo controlled clinical trial designed to test whether renin angiotensin system blockade with either enalapril or losartan slowed progression of DN lesions over 5 years in normotensive, normoalbuminuric individuals with T1D and normal or increased glomerular filtration rate (GFR). Participants had a research kidney biopsy performed at enrollment and again at the end of the 5-year study, and the primary endpoint was a change in the fraction of glomerular volume occupied by mesangium [Vv(Mes/glom)]. Change in Vv(Mes/glom) over the 5-year period did not differ significantly between the placebo and the two treatment groups, and there were also no significant treatment benefits for the other structural variables that were assessed [18] . In the present study, we measured six peptides of the bradykinin family in stored plasma collected from RASS participants during the clinical trial--bradykinin (BK), BK(1-7), BK (1) (2) (3) (4) (5) (6) (7) (8) and their respective hydroxylated forms hyp3-BK, hyp3-BK(1-7) and hyp3-BK(1-8), and we examined their association with kidney structural variables and the changes in these variables during the 5 years of RASS.
Materials and methods
Of the 285 participants aged 16-65 years enrolled in RASS, 243 had both a baseline and follow-up kidney biopsy plus baseline plasma samples available for measurement of bradykinin and related peptides (S1 Fig) . No participants were exposed to renin angiotensin blockade or to any other antihypertensive therapy prior to enrollment. After the baseline examination and kidney biopsy, participants were randomly assigned to receive either placebo, enalapril or losartan. Clinical measures available from the baseline examination included blood pressure, HbA1c, albumin excretion rate (AER) measured from timed overnight urine collections, and GFR measured directly by the plasma disappearance of iohexol (iGFR) [19] . Mean arterial pressure (MAP) was calculated as (2×diastolic blood pressure + systolic blood pressure)/3. The RASS study was conducted complying with the Declaration of Helsinki. Written informed consent was obtained from all participants. For participants under the age of 18 at study enrollment (lowest age was 16 years), written consent was obtained from the parents or legal guardians and written assent from the participants. The institutional review board at each study site approved the study.
Morphometric measurements
Renal structural parameters of DN were measured using masked systematic unbiased random sampling morphometric methods [20, 21] . Point counting on electron microscopic (EM) images was used to measure Vv(Mes/glom). Peripheral glomerular basement membrane surface density [Sv(PGBM/glom)], which reflects glomerular filtration surface area, was measured by an EM line intercept method, and GBM width was measured by the EM orthogonal intercept method. Point counting on periodic Schiff stained light microscopic (LM) slides of Zenker's fixed material was used to measure the fraction of renal cortical volume occupied by the interstitium [Vv(Int/cortex)]. Measurement of Vv(Int/cortex) required substantial amounts of tissue, because valid estimates required at least 65 coarse grid points to fall on renal cortex [22] . Of the 243 participants with dual kidney biopsies and baseline measurement of bradykinin and related peptides, 189 had sufficient tissue for measurement of V V (Int/cortex) at both the baseline and 5-year biopsies. A further subset of 156 had a baseline measurement of glomerular volume (GlomV) using the Cavalieri method [23] , although there were too few (n = 37) with a repeat measure at 5 years to allow for analysis of change in GlomV. Total filtration surface per glomerulus (TFS/glom) was calculated by multiplying Sv(PGBM/glom) by GlomV.
Measurement of plasma bradykinin and related peptides
Baseline plasma specimens stored at -80˚C were assayed in 2014 for bradykinin and related peptides by differential mass spectrometry (http://www.ckdbiomarkersconsortium.org/ laboratory_SOPs.pdf). Assay reproducibility was assessed by intra-class correlation of measurements from 20 duplicate samples blinded to the performance laboratory. Intra-class correlations for bradykinin and related peptides ranged from 0.97-0.99, reflecting excellent agreement.
Statistical analyses
Bradykinin and related peptides were log transformed to approximate normality prior to analysis (S2 Fig). All structural measures were log-transformed prior to analysis and changes in morphometric variables were computed as the logarithm of the 5-year structural measure minus the logarithm of the baseline measure (equal to the logarithm of the ratio of 5-year biopsy measurement to the baseline measurement).
Cross-sectional relationships between baseline bradykinin and related peptides and each morphometric variable were assessed by Pearson correlations and after adjustment for age, sex, duration of diabetes, HbA1c, MAP, and treatment assignment by multiple linear regression and partial Pearson correlations. For longitudinal relationships, the baseline value of the morphometric variable was also included in the linear regression model.
Concentrations of bradykinin and its related peptides were combined for three summary measures: sum of i) all peptides, ii) hydroxylated peptides and iii) unmodified peptides. These summary measures were analyzed to determine whether total plasma kinin abundance, regardless of its form, correlated with changes in morphometric variables. We tested for interactions with sex in all regression models and for interactions with treatment assignment in models of change in morphometric measures, as the use of enalapril or losartan during the study could in theory impact associations between baseline kinins and changes in morphometry. These interactions were deemed statistically significant if the interaction term included in the model had a p-value <0.05.
Two sensitivity analyses were performed. In one, we replaced the change in each morphometric variable with the 5-year measurement value. In the other, we added AER and iGFR to the linear regression models. These variables were not included in our primary models, since they correlate with the underlying structure.
Results
Clinical and demographic characteristics of the participants, and the median and IQRs for the bradykinin peptides, are shown in Table 1 measurements had lower AER and iGFR than those without GlomV measurements, albeit both subsets were within the normal range. At 5 years, iGFR was available for 239 participants and the mean change in iGFR over the study in this group was -7. Baseline and 5-year follow-up morphometric characteristics are shown in Table 2 . No statistically significant increase in GBM width was observed during follow-up, whereas Vv(Mes/ glom) increased by 10%, Sv(PGBM/glom) decreased by 15%, and Vv(Int/cortex) increased by >50%. All these changes are in keeping with a modest increase in diabetic glomerular lesions and a moderate increase in interstitial fractional volume over the course of the study.
BK and related peptide associations with baseline morphometric measures
None of the bradykinin related peptides correlated with baseline or change in iGFR or AER. Baseline BK(1-7) and hyp3-BK(1-7) correlated negatively with Vv(Int/cortex) and GlomV. Hyp3-BK(1-7) also correlated negatively with TFS/glom. Prior to adjustment, none of the peptides correlated with changes in any morphometric structural measures (S1 Table) . Associations of BK and related peptides with GFR, AER, and morphometric measures after adjustment for standard clinical covariates (age, sex, diabetes duration, HbA1c, and MAP) and treatment assignment are shown in Table 3 . BK(1-7) was weakly associated with baseline GFR. BK(1-7) and hyp3-BK(1-7) were negatively associated with Vv(Int/cortex). BK, BK (1) (2) (3) (4) (5) (6) (7) (8) , and hyp3-BK(1-8) were positively associated with TFS/glom, and BK(1-8) and hyp3-BK (1-8) were positively associated with GlomV. Hyp3-BK(1-7) was inversely associated with GlomV ( S3 Fig). Because of statistically significant interactions between BK(1-7) and hyp3-BK(1-7) and sex for the baseline morphometric variable Sv(PGBM/glom), we examined the relationships between these peptides and Sv(PGBM/glom) separately in men and women. BK(1-7) and hyp3-BK(1-7) were positively associated with baseline Sv(PGBM/glom) in women but not in men, suggesting that these inactive forms of BK may be renoprotective, but only in women. (Fig 1) .
BK and related peptide associations with change in morphometric measures
After further adjustment for baseline morphometric variables, BK and the sum of unmodified peptides were positively associated with change in Sv(PGBM/glom) (Fig 2) . Because of statistically significant interactions between BK, hyp3-BK, and hyp3-BK(1-8) and treatment assignment for the change in Vv(Int/cortex), we examined the relationship between these peptides and change in Vv(Int/cortex) separately in the losartan, enalapril, and placebo treated groups. BK, hyp3-BK, and hyp3-BK(1-8) were negatively associated with the change in Vv(Int/cortex) in the losartan treated group but not in the placebo or enalapril treated groups (Fig 3 and S4  Fig) . Although the interaction terms were statistically significant, the associations with Vv(Int/ cortex) within the individual treatment assignments were mostly not. The only sub-group with a statistically significant association with Vv(Int/cortex) was the losartan treated group, and the association was with hyp3-BK(1-8) (P = 0.033). However, the pattern of positive associations within the enalapril treated group and negative associations within the losartan treated group were present for all three peptides. The longitudinal findings were unchanged when we replaced the change in each morphometric variable with the 5-year measurement value alone (S2 Table) . The addition of albuminuria and iGFR to the linear regression models did not affect the associations previously described (S3 Table) .
Discussion
In individuals with T1D and no clinical evidence of DN we found several modest associations between higher baseline concentrations of bradykinin and related peptides and preserved kidney structures over the 5 years of RASS, suggesting that these bradykinins may have a renoprotective role in T1D before the onset of clinically detectable DN. Specifically, we found that higher plasma concentrations of BK(1-7) and hyp3-BK(1-7) were associated with lower baseline Vv(Int/cortex) and, in women, with higher baseline Sv(PGBM/glom). In longitudinal analyses, higher plasma concentrations of BK peptides were associated with preservation of Sv (PGBM/glom), and in those treated with losartan, with less expansion of Vv(Int/cortex). The sum of all unmodified BK peptides was also significantly associated with preservation of Sv (PGBM/glom), due primarily to the associations between BK and BK(1-8) and preservation of Sv(PGBM/glom). None of these associations were strong, but the findings were consistent across several peptides and morphometric measures. These renoprotective associations may represent an early adaptive response of the kidneys to the diabetic state in which the higher plasma BK concentrations found in T1D lead to activation of B2R [11, 12, 24] , prompting release of nitric oxide, prostanoids, prostaglandins and prostacyclin, and endothelium-derived relaxing and contracting factors that are largely protective under physiologic conditions [25, 26] . In keeping with these observations, knockout of the B2R in diabetic Akita mice results in worsening of DN [27] . In addition, in cross-sectional analyses higher concentrations of BK, BK(1-8), and hyp3-BK(1-8) were associated with higher TFS/glom, and higher concentrations of BK(1-8) and hyp3-BK(1-8) were associated with larger GlomV. On the other hand, higher concentrations of hyp3-BK(1-7) were associated with smaller GlomV. Larger GlomV is associated with relative protection from DN, in that persons with T1D and mesangial fractional volume expansion and larger glomeruli took, on average,~10 years longer to manifest overt diabetic nephropathy than those with similar mesangial fractional volume expansion and smaller glomeruli. This finding is consistent with the concept that, within larger glomeruli, more mesangial expansion is required to compromise filtration surface [28] . Perhaps higher bradykinin concentrations are related to glomerular enlargement and to greater filtration surface in persons with T1D. However, we do not have longitudinal data for GlomV to further explore the relationship between BK and GlomV, and the potential mechanisms for such structural interactions are completely unknown.
Bradykinin is cleaved from kininogens by kallikreins and acts principally via the B2R to modulate blood pressure and inflammatory processes. BK is converted by carboxypeptidases to other biologically active forms such as BK (1) (2) (3) (4) (5) (6) (7) (8) , which has higher affinity for B1R than B2R. B1R activation stimulates release of tumor necrosis factor-α and interleukin-1, promoting inflammation and fibrosis [29, 30] . Blockade of B1R in a mouse model of kidney disease reduced inflammation [13] . In healthy individuals B1R expression is low, so BK(1-8) may have limited biological effects, but in diabetes, where B1R expression is increased [31] , BK(1-8) may play a greater physiologic role. BK is also metabolized to biologically inactive forms such as BK(1-7) by angiotensin 1 converting enzyme. At physiological concentrations of BK, BK(1-7) is the principal metabolite of BK metabolism in the plasma [32] .
The role of the enzyme prolylcarboxypeptidase (PCRP), suggests a potential mechanism for the protective effects observed here. PCRP has many actions, including converting prekallikrein to kallikrein, increasing production of BK [33] , and selectively converting the proinflammatory BK (1) (2) (3) (4) (5) (6) (7) (8) to inactive BK(1-7) [34] . PCRP is elevated in diabetes [35, 36] and increased in diabetic Zucker rats with DN [36] . We hypothesize that in early DN, any rise in BK(1-8) and associated increased activation of B1R may be limited by PCRP activity converting BK (1) (2) (3) (4) (5) (6) (7) (8) to its inactive form BK (1) (2) (3) (4) (5) (6) (7) . In a study from the Joslin Clinic of persons with type 1 diabetes and microalbuminuria, elevated plasma concentrations of kininogen, BK (1) (2) (3) (4) (5) (6) (7) (8) , and BK(1-7) predicted renal function decline [37] , indicating that, at least in more advanced DN, bradykinins are not renoprotective. It is possible that with time, the protective PCRP mechanism no longer compensates for increased production of BK (1) (2) (3) (4) (5) (6) (7) (8) , leading to increased B1R activation. In keeping with this theory, in the current study the inactive forms of BK (BK(1-7) and hyp3-BK(1-7)) were more abundant than any of the active forms, whereas in the Joslin study BK(1-8) and hyp3-BK (1) (2) (3) (4) (5) (6) (7) (8) were both present at higher concentrations than BK (1-7) . Uncertainty still exists, however, around how expression of B2R and B1R interact to either enhance or diminish renoprotection. For example, the severity of DN is increased in a mouse model lacking both receptors more than in mice lacking just the B2R, suggesting that expression of B1R is not entirely detrimental [38] .
Treatment with RAS blockers modified the associations of some bradykinin peptides with change in renal morphometry. RAS blockade increases plasma BK concentration regardless of agent [17] , and in rats, treatment with either enalapril or losartan reduces intrarenal BK concentrations [39] . BK, Hyp3-BK and Hyp3-BK(1-8) were negatively associated with change in Vv(Int/cortex) in the losartan treated group but not in the placebo or enalapril treated groups. We found higher concentrations of plasma BK(1-7) and hyp3-BK(1-7) and greater structural preservation in women than in men. This may be due to lower ACE activity in women than men [40, 41] , which increases conversion of BK to BK(1-7). We reported previously that urine monocyte chemoattractant protein-1 was associated with interstitial expansion in women but not men [6] , which raises the possibility that there are sex differences in the pathophysiologic mechanisms underlying diabetic nephropathy.
Strengths of this study include the standardized processing and storage of the plasma samples at -80˚C until measurement, the longitudinal design, detailed characterization of the study cohort, and use of paired kidney biopsies to provide unbiased morphometric measures of early DN structural changes. Mass spectrometric quantitation of BK sub-types also avoids antibody cross-reactivity seen in immunoassays. Weaknesses may include examination of kidney structure at a stage when changes in structure and decline in GFR are relatively modest. Six BK-related peptides were measured once in baseline samples, so we were unable to examine the change in these peptides with the change in kidney structure. Moreover, there are other BK-related peptides which may also be related to kidney structure. We also rely on plasma measures of BK and related peptides, which may not mirror BK concentrations within kidney tissue. In rats, BK concentrations were more than ten-fold higher in kidneys than in plasma [42] . Kidneys are also not the only tissue producing BK and related peptides which have also been measured in heart, lung, brain, adrenals, and fat [42] . Bradykinin and related peptides are present at higher concentrations in venous versus arterial blood, suggesting some release from tissues [43] , and higher in atrial tissue than in blood [44] , but we lack human data on concentrations in the kidneys. This study is exploratory and the associations found are modest, but the associations between higher BK and related peptide concentrations and structure are consistent with an overall renoprotective role for the circulating kinins. We did not adjust for multiple comparisons in our analyses because many of the variables were correlated with each other, thus leading to overcorrection. Further, this was an exploratory study, and we did not want to mask potential relationships of interest.
In summary, higher plasma concentrations of bradykinin in persons with T1D before the appearance of any clinical DN findings are associated with preserved glomerular structure and may reflect an adaptive response to diabetes that is renoprotective. These findings are consistent with animal models in which the kallikrein-kinin system has a net renoprotective effect in early DN [11, 12, 24] . An inverse association appears to emerge between bradykinin and its related peptides and progression of DN in more advanced DN [37] , perhaps as the activation of B1R becomes more prominent, but the timing and determinants of this putative transition are presently unknown. The modest associations of plasma bradykinin and related peptides with morphometric measures in early DN which, while statistically significant, are likely of limited clinical value. However, these findings may help us better understand underlying mechanisms in early DN. 
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